The management of odorous emissions from sewer networks has become an important issue for sewer system operators resulting in the need to better understand the composition of reduced sulfur 
INTRODUCTION
Several odour treatment practices have been developed and applied for the management of sewer odours in Australia (Sivret & Stuetz ) with the most common processes being either physical or biological abatement technologies. These abatement systems are typically designed based upon hydrogen sulfide (H 2 S), which allows for the mitigation of sewer odour issues, as H 2 S is typically present with the highest concentration in many sewer emissions. Some pre-treatment technologies are also utilised upstream in order to reduce sewer H 2 S emissions (Zhang et al. ) . However, a range of reduced sulfur compounds (RSCs) such as methanethiol MeSH, dimethyl sulfide (DMS), carbon disulfide(CS 2 ), dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) are also emitted from sewers, and can cause significant environmental impacts on nearby or local receptors, resulting in odour annoyance even at trace concentrations (Sucker et al. ) , due to their low odour threshold values, as well as having health related concerns (Cheng et al. ) . However, due to poor understanding of the dynamics of the RSC emissions, the management and control of odour emissions from sewers is still a challenge, resulting in the need for the accurate chemical characterisation of sewer odours in order to develop and/or select efficient abatement processes for improved sewer odour control.
RSCs are formed by the conversion of sulfate via microbial reduction during sewage transportation processes. Several studies (Table 1) shown that there is a large variation in the results (from one country/region to another) due to the nature and magnitude of sewage-driven odour emissions, which depends on environmental and hydraulic conditions of wastewater and the design of collection systems. Two major limitations of these studies are: (1) that RSC emissions derived from sewer networks are rarely reported compared to wastewater treatment plants (WWTPs) ( A one-year intensive RSC monitoring program (consisting of multiple sampling sites, seasons and geographical locations) from June 2011 to May 2012 was performed at 18 sewer sites located in two large cities in Australia. The primary aim of this paper was to characterise the full spectra of RSCs present in the atmospheres of selected sewer networks in Australia, in order to improve the development and selection of sewer emission abatement systems commonly used in Australia. In addition, the studies offered a comparison of urban-scale concentration variations for RSCs from different geographically located sewer systems and the effects of seasonality on the occurrence and behaviour of RSCs at the studied regions.
MATERIALS AND METHODS

Sample collection
From June 2011 to May 2012, gas samples were collected from the eighteen (18) sewers, 11 of them were located in Sydney (S1-S11) and seven of them were located in Melbourne (M1-M7). Samples were collected on a biweekly basis from each site during the summer period and on a monthly basis for the rest of year. The monitored sites included a range of sewage types (domestic-containing residential, residential and commercial sewage, and mixed-domestic sewage containing industrial wastewater), sewer structures (pumping stations, wet well, rising main, sewer line, treatment headwork), and chemical dosing treatments, which are representative of conditions present in Australian sewerage systems. Sulfur samples (4 L) were collected in Nalophan bag using a lung sampler at a constant flow rate of 1,000 mL/min for 4 min. Prior to sampling, bags were flushed with dry clean air generated by a laboratory air/ nitrogen generator (Domnick Hunter, USA) and filtered by a Big Supelpure HC Trap to ensure that the bags were contaminant free. Samples were analysed within 24 hours after the sampling events.
RSC analysis
Sulfur bag samples were connected to an Air Server (CIA 8, Markes International, UK) and pre-concentrated onto a specialised sulfur cold trap (U-T6SUL, Markes International, UK) prior to injection. Sample analysis was performed using a gas chromatograph equipped with a sulfur chemiluminescence detector (GC-SCD) (7890N GC and 355 Sulphur Chemiluminescence Detector, Agilent Technologies, USA). A DB-VRX (30 m × 0.25 mm × 1.4 um) column (Agilent Technologies, USA) was utilised in the gas chromatograph for compound separation, with helium as the carrier gas (flow rate of 1 ml/min). The gas chromatograph column temperature was initially held at 37 W C for 3 min, increased at a rate of 15 W C/min to 225 W C, and then held for 2 min. H 2 S was analysed in situ by a portable analyser (Jerome 631X, Arizona Instruments, USA). 
RESULTS AND DISCUSSION
Composition and concentrations
Six sulfur species (appearing in over 50% of sampling events during the study period) were detected in the atmosphere of sewer networks between the two Australian cities. percentage of a particular component over the sum of all measured RSCs, were in the order of DMS > CS 2 > DMTS > DMDS in Sydney sites, while a different order were observed for Melbourne as DMS > DMDS > DMTS > CS 2 . The relative contribution of DMS was less compared with published data in which DMS was detected in an abundant level (Devai & DeLaune ) . One of applicable explanation may be related with upstream discharge characteristics as sampling sites investigated by other works were generally receiving industrial trade wastewater containing industrial solvent based dimethyl sulfoxide (DMSO), which is able to be transformed into DMS, whereas in our studied sites, only industrial-containing domestic wastewater rather than real industrial trade waste was discharging into the studied sewer catchments.
The RSC results obtained in the present study were compared with previous studies at different regions and countries (Table 1) . Information on the RSC concentrations in sewers is however, fairly limited with most literature reporting on WWTPs sources (i.e. raw wastewater, primary clarifier, activated sludge and mixing chamber of sludge). In general, the atmospheric RSC compositions for this study is consistent with the previous reports, confirming that RSCs are one of the most frequently produced class of volatile organic compounds in sewer-derived air samples. In terms of absolute magnitudes of RSC concentration, higher level of these compounds (1 order of magnitude), have been reported in the gas emissions from raw wastewater or wastewater treatment facilities.
Time evolution of RSCs
In order to better understand the seasonal RSC variations, the evolution of the total RSCs at the Sydney and Melbourne sites versus time (from June 2011 to May 2012) are plotted in Figure 1 . The seasonal variation was clearly observed for the total reduced compounds at most of sampled sites in the two cities. Taking into account the whole dataset collected from all the sites being monitored, the monthly averaged total RSC concentrations varied from 2,482 μg/ m 3 (in July) to 6,752 μg/m 3 (in March) for Sydney sites and 468 μg/m 3 (in June) to 6,266 μg/m 3 (in March) for the Melbourne sites. The concentration of total RSCs was observed to increase in the warmer months (i.e. September to March) for most of monitored sewer sites in both Sydney and Melbourne. The monthly means of individual compounds over Sydney sites (average for S1-S11) and Melbourne sites (average for M1-M7) are also shown in Figure 1 during winter (June to August), whereas the summer mean MeSH concentration was 5 times higher than the corresponding value in winter for sites in Sydney (seasonal full data not shown). Other targeted sulfur compounds showed similar seasonal variations across sampled points for both cities either peaking in summer or spring, except DMTS. DMTS a less volatile sulfur compound (Boiling point: 165 W C) with a relatively low Herny's law coefficient was detected to peak in the sewer gas during the winter months. This observation might be due to it being less dependent on evaporation from liquid phase or the slower biodegradation of DMTS into a DMS/DMTS by some functional microorganism (Rappert & Müller ) during cold weather. Alternatively, the enhanced sulfur concentrations during the warm season may simply be the result of higher evaporation because of the relative hotter weather, which has been proposed as a mechanism by similar studies (Wu et al. ; Susaya et al. ) .
Geographic variations
To better understand the geographical influence on the composition of RSCs being emitted from sewer systems in Australia, the gas phase sewer samples were collected from two geographic locations (Sydney and Melbourne).
Annual average concentrations of compounds detected from the studied sites are summarised in Figure 2 . In general, the sulfur concentrations were of similar order of magnitude between the sites, with the Melbourne sites having higher sulfur compound concentrations than the Sydney sites. H 2 S was the only compound that was detected in a greater concentration in the Sydney sites (annual mean: 4,361 μg/m 3 ) compared to the Melbourne sites (annual mean: 1,990 μg/m 3 ). If we consider that equivalent wastewater discharge occur into these two large cities and that similar upstream conditions (in terms of industrial containing domestic sewage), the observed increase in the annual non-H 2 S RSC concentration for Melbourne could be explained with the difference in prevailing rainfall profiles for the two cities. During the studied period, relatively dry weather was recorded in Melbourne (range: 34-113 mm, mean: 59.5, totally: 713 mm) whereas Sydney had significantly wetter conditions with a total rainfall about 1,507 mm (range: 37-269 mm, mean: 125.6 mm).
The difference in RSC concentrations between the two geographic points (Sydney vs Melbourne) was evaluated by t-test (Table 3 ). The dataset for the t-test was log-transformed to fit with Gaussian distribution and the value of the halved dl was used in the dataset for nondetected RSCs due to statistics requirements. The results indicate that the variation in most of the cases were statistically significant with the most significance been observed for the more abundant compounds (i.e. H 2 S, MeSH and DMS), with the exception being CS 2 . The geographical distribution patterns observed for CS 2 are most likely to be influenced by meteorological factors but further analysis is needed. The analysis showed that a simple comparison of the RSC data (in terms of geographic difference) could be employed as an efficient analysis criterion to distinguish their spatial patterns. However, as presented in Figure 2 , the difference in RSC concentration between Sydney and Melbourne is not observed consistently for all the studied sites. For example, M5 and M7 are showing a significantly higher amount of RSCs than the rest of the sampling sites, which may potentially infer that the individual site conditions such as wastewater flow and specific waste discharge into the catchment are also attributed largely to the geographical difference observed in this study. 
CONCLUSIONS
In this present study, six RSCs were concurrently detected in different sewer networks that are representative of conditions present in Australian sewerage systems. Among those compounds, H 2 S and MeSH were found to be present in significant amounts with concentration levels in the order of thousands of micrograms per cubic metre, whereas other RSCs were typically present at trace level (roughly tens of μg/m 3 ). Measured RSCs generally fell into a wide range of concentrations across the sampled sewer sites located in the two geographical cities. Time evolution trends were observed for most of the sulfur compounds (including the total RSCs) with the highest concentration being observed during either the summer or spring (as warm seasons) in both the Sydney and Melbourne sites, which may infer high temperature could be promoting more favourable volatilisation conditions. Statistical analysis of the RSC emissions in the different urban locations showed that variations in the emitted RSCs were significantly different due to the geographical locations. Generally, the emission patterns observed between either Sydney or Melbourne were in most cases distinguishable. The results of the correlation study also indicated the possibly important role geographic conditions played for most of targeted RSCs. This observation needs to be further supported by additional sampling and analysis from within another geographically different Australian sewer networks (Perth, Western Australia). The RSC results confirm that accurate characterisation of sewer emissions (in terms of RSC composition) is necessary to account for the variables that may be encountered in sewer gas emissions, in order to improve sewer odour control. 
